Abstract: Sugar content and composition of the bunch grape (Vitis vinifera) berry and its hybrids has been investigated extensively while limited information exists on the sugar content and composition of muscadine (Vitis rotundifolia) grapes. In this study, selected commercial grape cultivars belonging to muscadine, bunch, and Florida hybrid bunch market types were studied for content and composition of sugars in ripe berries for 2 consecutive years. Berry sugars were analyzed by high-performance liquid chromatography (HPLC), and the amount of sucrose, glucose, and fructose was quantified based on their peak area. Glucose and fructose were the predominant sugars in berries of bunch and Florida hybrid bunch grape genotypes and were present in almost equal amounts. In contrast, the muscadine berry contained sucrose, glucose, and fructose. Sucrose was not detected in bunch and Florida hybrid bunch grape genotypes. Glucose constituted 46.0%-53.0% of the total berry sugars while fructose ranged between 47.0% and 53.0% among the bunch cultivars studied. In Florida hybrid bunch cultivars, the glucose percentage varied from 39.0% to 56.0% while fructose varied from 44.0% to 53.0%. In muscadine genotypes, sucrose constituted 17.0%-47.0%, glucose 27.0%-39.0%, and fructose 26.0%-47.0%. The proportion of glucose and fructose was almost equal in all three categories while the level of sucrose varied widely among the muscadine genotypes indicating that variable sucrose accumulation and/or hydrolysis may influence the berry sucrose content among the grape genotypes.
Introduction
In grapes, a large portion of the soluble solids is represented by sugars. Among these, fructose and glucose are the primary sugars and sucrose is only found in trace amounts in certain genotypes. [1] [2] [3] [4] The organoleptic properties of the berry, flavor and stability of grape products, and wine quality greatly depends on the content and composition of sugars in berries. Further, total sugar content not only affects the quality of the grape berry but also determines the alcohol content of the wine. Moreover, glucose is also present in the bound form of flavonoid glycosides in white grapes and wines, and anthocyanins in red grapes and wines, and these glycosides can affect their antioxidant properties. More than 20 major anthocyanins (glycosides of anthocyanidins) contained in red wines were noted recently, in which the main components were 3-O-glucosides of malvidin, peonidin, petunidin, delphidin, and cyanidin. They were also found in Vitis vinifera cell suspension cultures. In addition, quercetin glucosides were found in Muscatel wines. Red wines contain carboxypyranomalvidine glucosides vitisins: vitisin A-5 carboxypyrano malvidin-3-O-β-D-glucoside47 and vitisin B -pyranomalvidin-3-O-β-D-glucoside. 5 The sugar content and composition of the bunch grape (Vitis vinifera) berry and its hybrids has been investigated extensively [6] [7] [8] while limited information exists on the sugar content and composition of muscadine (Vitis rotundifolia) grapes.
The most important commercial grapes in the world are generally classified into three groups: V. vinifera (bunch), Vitis rotundifolia (muscadine), and the hybrid bunch (cross between V. vinifera and other Vitis species). In the southeastern US, where most V. vinifera cultivars cannot be grown, because of the incidence of Pierce's disease (PD) and prevalence of a warm and humid climate, muscadine grapes and hybrids are the primary choice. Muscadine berries are pleasant in taste and aroma and are a delicacy for those familiar with this grape. Muscadine grapes can be eaten fresh or processed into wine, jelly, and juice. In Florida, the development of cultivars adapted to its warm and humid growing conditions has generated interest in commercial grape production. Currently most of the crop is being processed through retail markets or wine production and "U pick" operations.
Although muscadine grape products have gained wider acceptance than before, their quality and consumer acceptance is limited due to certain undesirable characteristics of the muscadine berry. For example, thick leathery skin and large seeds limit their acceptance as table grapes. Likewise, low sugar level and color stability adversely affects wine quality and shelf life. As sugar is often used to determine the time of the grape berry harvest, and to assess the potential alcohol content in the resulting wine, it is a major commercial consideration for the grape grower and winemaker. The differences in berry and wine quality between bunch grape and muscadine grape are due to variation in the amount and composition of sugars and organic acids resulting from differing genetic backgrounds between the two species. It would be valuable to study the content and composition of sugars of V. rotundifolia grapes and the Florida hybrid bunch (FHB) grape genotypes to assess genetic differences and to identify constraints in sugar accumulation in the muscadine grape. Moreover, muscadine and FHB grapes including table and wine grapes are being grown in greater numbers in the southeastern US to meet increasing demand. In Florida, excessive cane vigor of grapes results from sandy/sandy loam soil, and is encouraged by the significant rainfall and sunlight in the summer. These specific summer climatic conditions and vigorous vegetative growth of grape plants results in major changes in sugars and acid content of berries, compared with that of grapes grown in more temperate climates. To evaluate grape germplasm, only the measuring of soluble solids (°Brix) in grape juice has been adopted for the quantification of sugars. 9 Sugars generally contribute a very large proportion to the °Brix value in the ripening stage. 1 However, the °Brix value does not always run parallel with the sugar content since the °Brix value represents the total value of soluble solids such as sugars, organic acids, and others. Furthermore, it is not possible to determine the content of individual sugars based on °Brix value.
The objective of the present study was to examine variations in the content and composition of sugars in berries of the Florida-grown muscadine and FHB grape germplasm to advance our breeding program aimed at improving berry quality of muscadine and FHB grapes. Sugar analysis was carried out to determine the sugar content for different grape genotypes, to determine the relationship between genetic background (V. rotundifolia, V. vinifera, and FHB) or intended use (table and wine grapes) and the major sugar constituents.
Materials and methods

Plant material
Seventy grape cultivars belonging to muscadine (V. rotundifolia), bunch (V. vinifera), and FHB (Vitis spp.) were used (Tables 1 and 2 ) in this study. These included both the table and wine grape cultivars. Bunch (V. vinifera) grape cultivars obtained from Sonoma Nursery, CA in 2002 were maintained in a screen cage to protect them from PD. Berry samples were collected during the 2009 and 2010 seasons from the grapevines grown at the experimental vineyard of the Center for Viticulture and Small Fruit Research, Florida A&M University, Tallahassee, FL. Standard management practices such as irrigation, fertilization, soil management, pruning, and disease control were followed in the vineyard. Sample selection and preparation of grape bunches were performed according to Marcy et al 10 with some modifications. At ripening time, three representative average-sized bunches were collected randomly from each variety from three different grapevines. Ripeness was judged by visual observation of seed color change to dark brown without senescence of berry tissue. 8, 11, 12 Ripeness of seedless cultivars was judged by whether or not signs of senescence were visible in berry tissues. The cultivars used in this study flowered between early May (FHB and bunch) and early June (muscadine), and ripened between late July and early September, respectively. The berry samples were taken to the laboratory immediately and frozen in liquid nitrogen and stored at -80°C for later analysis of sugars. Notes: *Individual sugar content is expressed as percent of total sugar (sucrose + glucose + fructose) peak area; **genotypes used for statistical analysis.
Estimation of pH and °Brix pH and °Brix of the berries were analyzed using a pH meter and refractometer (Atago, Tokyo, Japan), respectively to determine the pH level and total soluble solids of the berries.
Sugar analysis
Sugars were analyzed using a Waters HPLC system (Waters Corporation, Milford, MA). 13 The frozen berry samples were thawed at 25°C, sliced into 2-3 mm thick pieces and ground into a powder using a mortar and pestle with liquid nitrogen submit your manuscript | www.dovepress.com
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and centrifuged at 20,000 g for 15 minutes. An aliquot (1 mL) of the supernatant was passed through a Sep-Pak ® C18 cartridge (Waters Corporation), and then diluted to 3 mL with double-distilled water. The diluted sample was passed through a 0.45 µm nylon membrane filter (Whatman, Piscataway, NJ) and 10 µL samples were injected. The HPLC system consisted of a Sugar Pak column (300 mm × 6.5 mm, Water Sugar Pak I column), equipped with a guard column cartridge (Sugar Pak II inserts), 2414 Refractive Index detector, and 717 Autosampler (Waters Corporation). The column temperature was maintained at 90°C with a Waters TCM thermo stated column compartment. The column was eluted with double-distilled water containing 0.0001 M calcium EDTA (50 mg/L) at a flow rate of 0.5 mL/minute. The Empower (Waters Corporation) chromatography data system was used to integrate peak areas according to external standard solution calibrations. Sugar content was expressed as percentage of the total sugars peak area.
Statistical analysis
Data for each cultivar in each year represents an average of three replications. Mean values of these replications were used for subsequent statistical analysis. The cultivar variation of sugar contents was analyzed using StatistiXL (StatistiXL, Perth, Western Australia, available at: http://www.statistixl. com), a powerful new data analysis package.
Principal component analysis
To obtain an overview of correlations between sugar content and composition, and the relationship between genetic background or intended use and major sugar constituents, principal component analysis (PCA) was performed using the "princomp" function of StatistiXL. This procedure was applied to standardize variables, ie to variables computed by subtracting the mean and then dividing by the standard deviation of each original variable to give each variable equal weight in the analysis. The standardized data of each year were averaged and subjected to PCA. With PCA, the data can be reduced to a set of new latent variables called principal components (PCs). defined to be orthogonal to the first one and explains the second greatest amount of variability. The analysis proceeds until all PCs are obtained, the number of which is typically much smaller than the variables.
t-test
The independent samples t-test was applied to determine significant difference in sugars, the ratio of glucose/ fructose, sucrose/glucose, and sucrose/fructose, and ratios between different genotypes using StatistiXL. This method was also used to study the stability of sugars in the genotypes between the two seasons by the paired samples t-test.
Results
Estimation of pH and °Brix
The pH and °Brix measurement of the grape berries showed no major differences in pH, while °Brix values differed widely among the Vitis spp. (Tables 1 and 2 ). The soluble sugars content was highest in bunch grapes (21 °Brix) followed by FHB (20 °Brix) and muscadine (18.5 °Brix) grapes. The pH of bunch grapes was 2.5-3.9, FHB was 3.0-3.8, and muscadine was 2.8-3.8. The °Brix value for bunch grapes grown in Florida is relatively lower compared with the reported values possibly because of the prevailing hot and humid climatic conditions and suboptimal berry development and ripening status, since the bunch grapes were grown in PD-free cages 15 and not in the open field.
Genotypic variation in sugar content
The results showed that the content and composition of sugars varied considerably among the genotypes studied. HPLC resolved grape berry sugars into three major peaks corresponding to sucrose, glucose, and fructose. The primary sugars were generally glucose and fructose in all the bunch and FHB genotypes, and sucrose, glucose, and fructose in all the muscadine genotypes (Tables 1 and 2 ). The glucose and fructose content in FHB ranged 39%-56% and 44%-53%, respectively. The sucrose content of the muscadine berries ranged 17%-47%, glucose ranged 27%-39%, and fructose ranged 26%-47%. Of the 13 FHB genotypes studied, sucrose was detected in only one genotype, viz Conquistador at about 14%, with glucose and fructose content being 39% and 47%, respectively. Among the ten bunch genotypes tested, sucrose was detected only in Red Globe and Thomcord at about 1% and 2%, respectively, while glucose and fructose content varied 46%-53% and 47%-53%, respectively. It should be noted that Red Globe and Thomcord were purchased from a local grocery store (Publix) and were not grown in Florida while the other bunch genotypes were all grown in Tallahassee, FL, in a screen cage to protect them from PD. Additionally, in muscadine genotypes, sucrose to glucose and sucrose to fructose ratios were higher compared with the glucose to fructose ratio. In bunch and FHB grape genotypes, the glucose to fructose ratio was higher, and sucrose to glucose/ fructose ratios were negligible. Eight cultivars from each Vitis spp. representing table and wine varieties (Tables 1 and 2 ) were selected and subjected to statistical analysis. A box and whisker plot was developed using StatistiXL to estimate the frequency distribution of the relative content of sucrose, glucose, and fructose among the 24 genotypes studied (Figure 1) . Approximately 99% of the data fell inside the whiskers. The data outside these whiskers are indicated by vertical lines (the lines extending from the top and bottom of the boxes). The median of fructose content in grape berries for all the cultivars was 41%, and the averages were significantly higher (P , 0.001) than that of glucose (46.04%). The median of glucose content in grape berries for all the cultivars was 49%, and the averages were significantly lower (P , 0.001) than that of fructose (43.13%). The ratio of glucose/fructose, sucrose/glucose, and sucrose/fructose in berries varied with cultivar and ranged 0.42-1.24.
The sucrose content was very high in all the muscadine cultivars (Table 1 ) studied, but it was less than 0.5 mg mL -1 in Conquistador (0.35 mg mL ; Vitis vinifera) ( Table 2) . Sucrose was not detected in all the other bunch and FHB genotypes studied during both years. Among the muscadines, the highest sucrose content was recorded in the cultivars Welder and Magnolia, which are used in winemaking. The sucrose content of these varieties was 1.24 (Welder) and 1.06 mg mL -1 (Magnolia), which accounted for 36% and 34% of the total soluble sugars of the berry. Among the Vitis species studied, the highest sugar content was observed in Zinfandel (23 °Brix; Vitis vinifera) followed by Lake Emerald (20 °Brix; FHB) and Welder (18.5 °Brix; muscadine). These results indicate that muscadine grapes contain relatively lower levels of sugars and higher sucrose content compared with FHB and bunch grape genotypes.
Principal component analysis
The result of principal component (PC) analysis for sugars of different grape genotypes is shown in Figure 2 total variance in both the years. PC1 was highly connected with glucose and fructose contents, exhibiting negative value. However, the components of PC2 exhibited positive value. PC1 and PC2 analysis explained a high percentage of the total variance. In muscadine and FHB cultivars, glucose and fructose were the main contributors of total variance whereas in bunch grape, fructose and sucrose were the main contributors. However, both exhibited negative and positive values for PC1, respectively.
t-test
The paired t-test focuses on the difference between the paired data and reports the probability that the actual mean difference is zero. This comparison is aided by the reduction in variance achieved by taking the differences. The actual mean here refers to the mean of all the eight cultivars selected from statistical analysis. In this case, four wine and four table types were selected from the three grape species. However, analysis revealed that the average difference is significantly different from zero in the case of FHB and bunch grape cultivars compared with muscadine. This would mean that there are differences in sucrose:glucose:fructose ratios among these species. The stability of different sugar contents among genotypes over the 2 years was determined using paired samples t-tests (Tables 3-6 ). Significant differences in sucrose and ratios of sucrose/glucose and sucrose/fructose were observed in FHB and bunch genotypes compared with muscadine genotypes. 
Discussion
Grape berries, when ripe, contain high levels of sugars that are important for flavor and fermentation. Sugars also provide the osmotic driving force for cell expansion 14 as well as modulating gene expression 15 through signaling mechanisms. 16 . The movement of sugars into fruits is a tightly regulated process, which is coordinated with growth and development. The accumulation of sugars in grape berries begins at the onset of ripening, known as veraison, and is marked by a ten-fold increase in hexose content. 3 Sucrose is one of the main translocatable sugars as a result of photosynthesis. Glucose and fructose are the primary sugars of grape (Vitis spp.), and sucrose presents in trace amounts. [1] [2] [3] However, some American hybrid cultivars such as "Bath", "Buffalo", "Fredonia", and "Steuben", and Vitis × labruscana contain large amounts of sucrose. [17] [18] [19] The order of sweetness is: fructose . sucrose . glucose. In other words, on a scale of sweetness, if fructose is considered to be 100, then sucrose is 84 and glucose is 66. The accumulation of sugars in grapes has been extensively studied in Vitis vinifera but limited studies exist in FHB and muscadine grapes. Based on screening of 70 grape genotypes belonging to muscadine, Florida hybrids, and bunch grapes, a total of 50 genotypes were found to accumulate sucrose at varying degrees with the highest in muscadine and one each among Florida hybrid and bunch grapes. A soluble sugars profile has enabled us to distinguish muscadine cultivars from the bunch and FHB grape genotypes based on the predominance of sucrose in their sugar profile. Sucrose buildup was a unique characteristic of all the muscadine genotypes tested with percentages ranging 17%-47% in all the muscadine genotypes studied, with the highest being in Southland (47%) and lowest in Fry seedless (17%). Sucrose content was different among the cultivars that are likely to be useful genetic resources to broaden variability for sugar composition in grapes. However, the physiological and genetic basis for sugar accumulation has not been investigated by researchers.
The result of PCA confirms the previous conclusion on sugar content. PC1 was highly connected with glucose and fructose content which exhibited negative value in muscadine cultivars and positive value among FHB and bunch grape cultivars. Whereas PC2 exhibited positive value for sucrose and fructose contents among muscadine and FHB cultivars, and positive value of glucose and fructose content in bunch grape cultivars, respectively. Thus the concentrations of glucose and fructose in cultivars tend to increase proceeding from positive to negative values of PC1 and PC2, meaning a general increase in sugar content and a decrease in sucrose content.
Further studies on the stability of sugars among the genotypes based on paired sample t-tests showed that the sugar content was stable over the 2-year study period (Table 3) . The results showed that there was no significant difference in sucrose, glucose, fructose, and total sugar content or in the ratios of glucose/fructose and sucrose/glucose, and sucrose/fructose among bunch cultivars (Tables 5 and 6 ). However, significant differences in sucrose and ratios of glucose/fructose, sucrose/glucose, and sucrose/fructose were observed in muscadine and bunch cultivars. This indicates that the genetic makeup of the plant may have a greater influence on the sugar content of grape cultivars. Another reason may be that differences in the expression levels of sugar metabolizing genes among the genotypes may influence the sugar content in the grape berries. 20 Our previous studies showed lower submit your manuscript | www.dovepress.com
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invertase activity in muscadine genotypes compared with FHB and bunch grape cultivars, 21 confirming this observation. The hexose-and sucrose-accumulating characteristics in grape berries are thought to be related to regional and genetic differences since a sucrose accumulator has not yet been found among the V. vinifera cultivars. American hybrid cultivars have V. labrusca in their parentage, and the gene(s) regulating sugar metabolism may differ in that species. Inheritance of sucrose accumulation in grapevine is not clear but preliminary genetic studies indicated that it is a recessive trait. 4, 10 Biochemical investigations of sugar metabolism in grape berries suggest that sucrose accumulation could result from low activity of acid invertase which hydrolyzes sucrose to glucose and fructose. 4, [16] [17] [18] [19] Our previous study on acid invertase enzyme revealed that muscadine grapes contain relatively low levels of acid invertase compared with bunch and FHB grapes. 16 Low invertase activity might result in sucrose buildup in muscadine genotypes. Further, our result suggests that the content and composition of sugars in berries depend largely upon genotype and the growth environment. Higher sugars, especially higher fructose in the berries of bunch and FHB than those of muscadine cultivars, makes the former sweeter. Enhancing enzyme activities required for sucrose breakdown may result in lower sucrose and higher glucose and fructose in muscadine berries which might increase their enological and flavor characteristics.
Conclusion
Sugar composition in muscadine grape berries is different from bunch and FHB grapes. This indicates that the genetic makeup of muscadine grapes may have a greater influence on the berry sugar content and composition. Sucrose was among the major sugars apart from glucose and fructose in all the muscadine berries tested suggesting that variable sucrose accumulation and/or hydrolysis may influence the berry sucrose content among the grape genotypes.
